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Abstract Modifications to stream hydrologic regimes can

have a profound influence on the dynamics of their fish

populations. Using hierarchical linear models, we exam-

ined the relations between flow regime and young-of-year

fish density using fish sampling and discharge data from

three different warmwater streams in Illinois, Alabama,

and Georgia. We used an information theoretic approach to

evaluate the relative support for models describing

hypothesized influences of five flow regime components

representing: short-term high and low flows; short-term

flow stability; and long-term mean flows and flow stability

on fish reproductive success during fish spawning and

rearing periods. We also evaluated the influence of ten fish

species traits on fish reproductive success. Species traits

included spawning duration, reproductive strategy, egg

incubation rate, swimming locomotion morphology, gen-

eral habitat preference, and food habits. Model selection

results indicated that young-of-year fish density was posi-

tively related to short-term high flows during the spawning

period and negatively related to flow variability during the

rearing period. However, the effect of the flow regime

components varied substantially among species, but was

related to species traits. The effect of short-term high flows

on the reproductive success was lower for species that

broadcast their eggs during spawning. Species with cruiser

swimming locomotion morphologies (e.g., Micropterus)

also were more vulnerable to variable flows during the

rearing period. Our models provide insight into the con-

ditions and timing of flows that influence the reproductive

success of warmwater stream fishes and may guide deci-

sions related to stream regulation and management.
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Introduction

Human alteration of the flow regime is one of the dominant

problems threatening stream fishes and other stream-

dwelling biota. River impoundment and regulation can

reduce peak and low discharge events in terms of both

frequency and magnitude (Petts 1986). Peaking hydro-

electric power generation often releases discrete surges of

water from reservoirs in response to local electrical

demand that impose frequent, daily discharge fluctuations

(Cushman 1985; Freeman and others 2001). Land conver-

sion (e.g., urbanization) and stream channelization also can

increase peak discharge with shorter flood duration and

decrease baseflows resulting in flashier flows (Grover and
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Harrington 1966; Gordon and others 1992; Paul and Meyer

2001). Surface and ground water withdrawal and diversion

can decrease baseflows (Freeman and Marcinek 2006).

These hydrologic alterations influence stream fishes

through a variety of mechanisms. Reductions in high dis-

charge events (i.e., floods) can alter channel forming pro-

cesses changing the physical habitat structure (Booth and

Jackson 1997; Poff and others 1997), inhibit life history

events (e.g., spawning, seasonal migration) that are com-

monly triggered by annual floods (Petts 1986), and reduce

access to floodplains which are important nursery habitat

for many fish species (Junk and others 1989). Severe dis-

charge fluctuations alter the spatial and temporal habitat

availability thereby preventing some fishes from exploiting

their preferred habitats (Bain and others 1988; Aadland

1993; Kinsolving and Bain 1993; Fausch and others 2002)

and can also dislodge young and small fishes resulting in

injury or death (Harvey 1987). These changes generally

result in a shift in the fish community from specialists (i.e.,

species that exist in only certain ecological conditions) to

generalists (i.e., species that persist over a wide range of

ecological conditions; Taylor and others 2001; Roy and

others 2005).

Although more than 200 techniques have been devel-

oped for evaluating environmental flow requirements of

aquatic biota, only two- hydrologic and holistic method-

ologies- explicitly recognize the importance of the flow

regime (Tharme 2003). Of the hydrologic methodologies,

the index of hydrologic alteration (IHA; Richter and others

1996) is among the most widely used (Tharme 2003). IHA

statistically characterizes a flow regime based on 32

hydrological parameters that are believed to be ecologi-

cally relevant. Changes in these parameters over time (due

to anthropogenic activities) are generally used to infer

rather than predict changes in the ecological condition of

the stream. In contrast, holistic methodologies directly

model changes in the aquatic community as a function of

changes in the flow regime relative to a baseline condition

(Poff and others 2010). However, the basis for these

approaches is principally theoretical, and many of the

assumptions have not been thoroughly evaluated or tested

(Tharme 2003; Poff and others 2010).

To minimize the effects of human alteration of the flow

regime on the stream fish populations, water resource

managers need tools to predict how changes in the flow

regime affect fishes. This requires information on the

components of the flow regime that have the strongest

influence on fishes and models that quantify the relations

between these flow regime components and fish response.

Useful flow management tools also should be broadly

applicable across geographic regions with potentially dif-

ferent species pools. Previous studies suggest that the

response of stream biota to environmental factors, such as

anthropogenic disturbance, is related to species-specific

characteristics (Poff and others 2006; Welcomme and

others 2006; McCargo and Peterson 2010). However to our

knowledge, no one has examined the usefulness of fish

species traits for characterizing the reproductive success of

fish assemblages to changes in the flow regime. Thus, we

evaluated the influence of flow regimes on warmwater

stream fish communities by conducting a meta-analysis of

fish sampling data from three studies in North America. We

focused our evaluation on young-of-year (YOY) fishes

because early life stages are important in determining year-

class strength (Hatcher and others 1991) and are a useful

index for evaluating the effects of environmental influences

on recruitment (Kope and Botsford 1988). Our ultimate

goal was to gain an understanding of how the flow regime

influences stream fish reproductive success. Thus, we

studied warmwater streamfish assemblages with the fol-

lowing objectives: (1) to identify the components of the

flow regime that have the greatest influence on the stream

fish reproductive success; (2) to evaluate the influence of

fish species traits on the relations between flows and fish

reproductive success; and (3) to develop models for pre-

dicting fish reproductive success in response to changing

flow regimes. We then relate our results to the ecological

understanding and management of lotic stream fish

assemblages.

Methods

Data Sources

We compiled fish collection and hydrologic data from three

previously published studies (Table 1). Sample sites in all

three studies were located at or adjacent to long-term U.S.

Geological Survey (USGS) streamflow gages, and fishes

were sampled with standardized sampling techniques. In all

studies, fishes also were collected during late summer when

YOY fishes were vulnerable to sampling (Peterson and

Rabeni 1995). The first study was conducted during 1977–

1990 in the Kankakee River, an unregulated river in Illinois

(Peterson and Kwak 1999). Fishes were collected from 11

sample sites with a boat-mounted AC electrofisher and

6-pass procedure on each of four sampling occasions in late

July–August. The second study was conducted during

1994–1997 at two sites, one discharge-regulated and the

other unregulated on the Tallapoosa River, Alabama

(Freeman and others 2001). Fishes were collected with

prepositioned areal electrofishers (PAE; Bain and others

1985) that consisted of two 6-meter (m) long electrodes

separated by 1.5 m that were remotely powered by a

generator. Approximately 50 PAE units were sampled

during August and September each sample year. The third
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study was conducted during 2004–2005 on the Flint River,

Georgia, at two sites, one discharge-regulated and the other

unregulated (Shea and Peterson 2007). Fishes were col-

lected during August-September in individual habitat units

(e.g., pools, shoals, slackwaters) with habitat-specific

methods. In shallow habitats, sample units were enclosed

by blocknets, and fishes were collected using DC

backpack electrofishers and a 6-pass procedure. In deep

habitats (pools), fishes were collected using a boat

mounted DC electrofisher and 6-pass procedure. In all

studies, captured fishes were identified to species and total

length measured to the nearest millimeter. Discharge data

for each study stream were obtained from nearby USGS

gages (Table 1).

Fish Density Estimation

The ability to capture fishes is influenced by factors such as

fish body shape and size, the physical characteristics of a

stream (Bayley and Dowling 1993), and sampling method

(Bayley and Dowling 1990). Failure to account for these

factors can result in systematically biased estimates of fish

abundance, which could have confounded our analysis. To

reduce the influence of sample bias, we estimated fish

abundance for each species collected in the Kankakee and

Flint rivers using:

N̂ ¼ Ĉ

p̂
; ð1Þ

where N̂ was the estimated fish abundance in the sample

site, Ĉ was the number of fish captured, and p̂ was the

estimated capture efficiency during sampling (Thompson

and Seber 1994; Williams and others 2002). We estimated

capture efficiencies as a function of species group (e.g.,

black basses, sunfish, minnows), fish body length, and the

physiochemical characteristics of the sample locations

using existing gear-efficiency models for the AC boat

electrofisher (Bayley and Austen 2002), DC boat electro-

fisher (Peterson 1996), and backpack electrofisher (Bayley

and Dowling 1990).

Gear-efficiency models, however, were not available for

PAEs. Therefore, we estimated fish abundance using the

technique for estimating abundance from repeated point

count samples described by Royle and Nichols (2003).

Here we treated each PAE sample as analogous to an

individual point count sample and hence, multiple PAE

samples were treated as repeated samples. Using this

technique, we estimated the abundance of YOY and non-

YOY age classes separately for each species using program

Presence (Hines 2006).

We considered YOY abundance in the late summer to be

a useful index of stream fish reproductive success, as high

abundance generally indicates successful reproduction

(Wootton 1998). Thus, we grouped individual fish into two

age classes: YOY and non-YOY using annual species-

specific length-frequency histograms. Species and age-

class specific densities (no./ha) were estimated for each

year and study stream by summing the capture efficiency-

adjusted catches for all sampling occasions during the

given year and dividing by the total area sampled. Species

that were collected in less than 5% of the collections at a

site were excluded from analysis because the inclusion of

Table 1 Summary information for the studies included in meta-analysis of the relation between flow regime components, fish species traits, and

young-of-year fish density in warmwater streams

Study years Months sampled USGS reference gage number,

drainage area, mean daily

discharge

Sampling method Samples

per year

Number of

species

analyzed

Kankakee River,

Illinois

1977–1990a July–August 5527500, 13338 km2, 133.7 m3/s AC boat

electrofisher

44 41

Tallapoosa River,

Alabama

1994–2000 August–September Unregulated reach: 02412000, 1160 km2,

17.2 m3/s

Regulated reach: 02414500, 4338 km2,

72.9 m3/s

Pre-positioned area

electrofisher

200 23

Flint River, Georgia

2004–2005 August–September Unregulated reach: 02349500, 7562 km2,

97.7 m3/s

Regulated reach: 02350512,

10049 km2, 122.713/s

DC boat

electrofisher,

backpack

electrofisher

60 38

a Excluding 1980

Environmental Management (2010) 46:181–194 183

123



rare species may distort statistical relationships (Gauch

1982).

Species Traits

We hypothesized that species traits determine the extent

to which different flow regime components affect fish

reproductive success. To evaluate the influence of flow

regime components on reproductive success, we identified

two distinct time periods for each species: the spawning

period and the rearing period. Spawning periods were

defined as the months that fishes were actively depositing

eggs or building and guarding nests, and we identified these

for each species using dates from published accounts

(Robison and Buchanan 1989; Mettee and others 1996;

Pflieger 1997; Boschung and Mayden 2004; Marcy and

others 2005). The rearing period was defined as the time

period following the spawning period until the time when

fishes were sampled. Thus, spawning and rearing periods

differed among species. For example, blackbanded darters

(Percina nigrofasciata) spawn in April and May (Bos-

chung and Mayden 2004) and rear in June–August/Sep-

tember (i.e., the sampling dates), whereas the brook

silverside (Labidesthes sicculus) spawn in June–July

(Pflieger 1997) and rear in August/September.

We characterized several fish species traits we believed to

influence reproductive success and roughly categorized

these as: traits affecting spawning success and traits affecting

rearing success. The spawning success traits included:

spawning duration, number of months spawning can occur;

reproductive strategy, species exhibiting complex spawning

behaviors (e.g., nest building), species that broadcast eggs,

and other; and egg incubation rate, the mean reported incu-

bation time in days divided by the water temperature during

incubation. The rearing success traits included: locomotion

morphology, defined as cruisers, accelerators, maneuverers,

huggers, and creepers (terminology follows Goldstein and

Meador 2004); habitat preference of YOY age class, pool,

riffle, run, and slackwater habitat use; and food habits of

YOY age classes, herbivore/detrivore, insectivore, and

insectivore/piscivore. All traits were obtained from pub-

lished sources when available (Robison and Buchanan 1989;

Mette and others 1996; Pflieger 1997; Boschung and Mayden

2004; Marcy and others 2005; Olden and others 2006) and

when no information was available for a species, we used

average values of its congeners.

Flow Regime Components

To evaluate the influence of different flow regime com-

ponents on fish reproductive success, we calculated

streamflow statistics for the species-specific spawning and

rearing periods using the observed discharge at the

reference gages. Our primary hypotheses of interest

focused on the evaluation of the relative influence of three

components of the flow regime: high flows, low flows, and

flow variability (or stability) on fish reproductive success.

Based on previous studies (Freeman and others 2001;

McCargo and Peterson 2010), we also were interested in

the relative influence of short- and long-term discharge

conditions on fish reproductive success. Each of these

discharge statistics were calculated for the species-specific

spawning and rearing time periods, as defined above. We

characterized short-term low flows as the 10-day low dis-

charge, which was calculated as the lowest average dis-

charge for 10 consecutive days for the period of interest

(e.g., spawning period). The short-term high flows were

similarly calculated as highest average discharge for 10

consecutive days for the period of interest. Short-term flow

stability was calculated as the lowest discharge standard

deviation (SD) for 10 consecutive days for the period of

interest. Long-term flow conditions were characterized as

the mean discharge and discharge SD for the entire period

of interest.

The size of our streams varied, which would complicate

comparisons of the relationship between flow regime

components and fish reproductive success. To facilitate

comparison of fish assemblage-streamflow relations across

different stream sizes, we standardized the flow regime

components (described above) for each site by dividing

each component by the mean daily discharge for the period

of record (mean 76 years, range 53–101 years).

Statistical Analyses

We believed that the relation between flow regime com-

ponents and YOY fish density and the overall density of

YOY was likely to vary among species. To account for the

varying response of fishes, we examined relationships

between discharge components and YOY fish density using

hierarchical linear models. Hierarchical models differ from

more familiar regression techniques in that they consist of

upper and lower level models. In the lower level models,

the values of parameters (e.g., slope and intercepts) can

vary among subjects (Bryk and Raudenbush 2002), here

species. For our study, the lower level model treated the

intercept and the effect of flow components on YOY

density as varying among species. We interpreted the fixed

effects associated with the lower level intercept as the

relation between the species trait on the overall density of

YOY fishes during sampling. The fixed effects associated

with the flow component effects were expressed as inter-

actions between flow components and species trait. For

example, a model containing a spawning duration by flow

interaction meant that the effect of the flow component was

modeled as a function of spawning duration. We
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interpreted these fixed effects as the influence of species

traits on the relation between the flow component and YOY

fish density. In addition, we included an additional random

effect corresponding to each study site and sample year

combination to account for spatial and temporal autocor-

relation. All random effects were assumed to be normally

distributed with mean of zero and random effect-specific

variance (Bryk and Raudenbush 2002).

We used an information-theoretic approach (Burnham

and Anderson 2002) to evaluate the relative influence of

flow regime components and species traits on YOY fish

density. Our primary hypotheses of interest were to eval-

uate the relative influence of short- and long-term flow

regime components on reproductive success. Secondarily,

we sought to evaluate the influence of species traits on the

relation between flow regime components and reproductive

success. Thus, we contrasted two sets of models with one

that included five flow regime components (Table 2) and

four species traits hypothesized to influence spawning

success during the spawning period (Table 3) and the other

that included the same five flow regime components but six

different species traits hypothesized to influence spawning

success during the rearing period (Table 3). To estimate the

variability in relation between flow regime components and

YOY fish density among species, we also fit models

without species traits. Species-specific density of non-YOY

fishes in the previous year also was included in all models

to account for likely density dependence.

The relative support of each candidate model was

evaluated by calculating Akaike’s Information Criteria

(AIC; Akaike 1973) with the small-sample bias adjustment

(AICc; Hurvich and Tsai 1989). The number of parameters

used to estimate AICc included the fixed effects and ran-

dom effects (Burnham and Anderson 2002). We also cal-

culated Akaike weights that range from zero to one with

the most plausible candidate model having the highest

weight (Burnham and Anderson 2002). The ratio of Akaike

weights was used to evaluate the relative strength of evi-

dence for one model over another. The precision of each

parameter was estimated by computing 90% confidence

intervals based on a t-statistic with n - 1 degrees of

freedom (Littell and others 1996). All models were fit using

SAS PROC MIXED (SAS Institute 2001).

Prior to evaluating the fit of the candidate models, YOY

fish density was natural-log transformed to meet normality

assumptions. Pearson correlations were run on all pairs of

flow components predictor variables prior to modeling.

Categorical species traits predictors (locomotion morphol-

ogy, spawning behavior, habitat preference, and food

habits) also were binary coded (0, 1). Goodness-of-fit for

the candidate set of models was evaluated by examining

residual plots (following Bryk and Raudenbush 2002).

Results

A total of 89 YOY fish species were collected during the

three studies. Of these, 48, 49, and 33 species were col-

lected at the Kankakee, Flint and Tallapoosa rivers,

respectively. There were 13, 6, and 5 species that were in

common between the Kankakee and Flint, Flint and Tall-

apoosa, and Kankakee and Tallapoosa rivers, respectively.

Table 2 Mean and standard deviation (in parentheses) of flow regime components used in the meta-analysis of the effects of hydrologic

parameters and species traits on stream fish reproductive success

Flow regime componenta Kankakee River Flint River Tallapoosa River

1977–1990 Unregulated

2004–2005

Regulated

2004–2005

Unregulated

1994–2000

Regulated

1994–2000

Spawning period

Mean discharge 201.30 (87.10) 47.22 (5.00) 62.98 (7.84) 19.50 (8.85) 66.90 (36.51)

Minimum 10-day discharge 95.29 (56.01) 28.70 (1.88) 31.30 (4.34) 8.51 (4.50) 21.86 (16.89)

Maximum 10-day discharge 419.90 (179.08) 72.92 (12.52) 110.37 (18.85) 43.28 (26.10) 162.05 (111.81)

Discharge SD 114.96 (53.48) 14.69 (2.22) 33.61 (9.82) 17.83 (12.35) 99.93 (35.48)

Minimum 10-day discharge SD 7.12 (6.34) 0.93 (0.25) 3.29 (3.31) 0.59 (0.33) 35.08 (25.43)

Rearing period

Mean discharge 103.35 (53.58) 42.75 (0.03) 53.24 (0.28) 8.29 (4.53) 38.04 (31.17)

Minimum 10-day discharge 41.14 (28.43) 27.93 (0.11) 34.03 (0.26) 4.76 (2.59) 20.16 (21.67)

Maximum 10-day discharge 252.60 (124.47) 65.97 (0.72) 100.36 (1.32) 14.57 (9.28) 64.84 (52.12)

Discharge SD 72.76 (36.76) 12.55 (0.14) 33.19 (0.23) 5.31 (4.92) 66.38 (33.30)

Minimum 10-day discharge SD 3.73 (3.63) 0.49 (0.13) 12.64 (1.46) 0.78 (0.98) 38.22 (29.52)

Values represent means and standard deviations of species-specific spawning and rearing periods
a All discharge variables are in m3/s
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After excluding the 7, 10, and 10 species that were col-

lected in less than 5% of samples from the Kankakee, Flint

and Tallapoosa rivers, respectively, a total of 82 species

was included in our analysis (Table 4). Streamflows at each

study site varied substantially among years (Table 2) and

included among the highest and lowest discharges for the

period of record at both the Kankakee and Tallapoosa

rivers.

Pearson correlation between flow regime components in

the spawning and rearing period indicated one strong cor-

relation (Pearson r = 0.79) between minimum 10-day

discharge SD during the spawning and rearing period. To

avoid multicollinearity, these two flows were not included

in the same candidate model. Inspection of the residuals

from the candidate models also suggested that the models

adequately fit the data.

The best approximating model explaining YOY fish

density included spawning period maximum 10-day dis-

charge, broadcast spawning, broadcast spawning by

spawning period maximum 10-day discharge interaction,

rearing period minimum 10-day discharge SD, cruiser

locomotion morphology, cruiser locomotion morphology

by rearing period minimum 10-day discharge SD interac-

tion, and adult/juvenile density in the previous year

(Table 5). The model accounted for 61% of the variability

in YOY fish density and was 4.1 times more likely than the

second best approximating model based on the AIC model

weights. The second best approximating model accounted

for 56% of the variation in YOY fish density and was

similar to the best approximating with spawning duration

in place of broadcast spawning (Table 5). There was much

less evidence for the remaining candidate models, so we

restrict our interpretation to these two models.

Maximum 10-day discharge during the spawning period

was, on average, positively related to YOY fish density

across models (Table 5), but the relationship was highly

variable among species. The maximum 10-day discharge

random effect from the flow component-only models sug-

gested that the influence of maximum 10-day discharge

(i.e., the parameter estimate) varied, on average, 118%

among fish species. Broadcast spawning behavior and

spawning duration accounted for 31 and 26% of this var-

iation, respectively. Parameter estimates from the two best

models suggested that species with broadcast spawning

Table 3 Species traits used in the meta-analysis of the relation between flow regime components and fish species traits on young-of-year (YOY)

fish density in warmwater streams

Trait Description of trait Biological interpretation (hypothesis)

Spawning period

Spawning

duration

Number of months devoted to spawning in a given year Species with protracted spawning durations have greater

spawning opportunities and are less influenced by discharge

during spawning periods

Complex

spawning

Species that build and/or guard a nest during spawning Complex spawners devote greater physiological resources to

spawning activities (e.g., nest building) and are more

vulnerable to variable flows

Broadcast

spawning

Species that broadcast a large quantity of eggs into the water

column or over substrate during spawning

Broadcast spawners’ eggs are more vulnerable to

displacement during variable or high flow conditions

Incubation rate Mean incubation time for eggs divided by mean water

temperature during incubation

Species with longer incubation rates are more vulnerable to

variable flows

Rearing period

Cruiser

locomotion

morphology

Streamlined fishes that are generally found swimming in the

water column (e.g., Micropterus)

Cruiser species are more vulnerable to displacement during

high or variable discharge

Hugger

locomotion

morphology

Combined hugger and creeper morphology of Goldstein and

Meador (2004). Fishes that are generally found in contact

with the stream bottom (e.g., Ictaluridae)

Hugger species are less vulnerable to displacement during

high discharge

Slackwater

habitat use

YOY fishes that primarily use shallow, slow current habitats Species that primarily use slackwater habitats are less

vulnerable to habitat change due to low flows

Pool habitat use YOY fishes that primarily use deep, slow current habitats Species that primarily use pool habitats are more vulnerable

to changes in habitat availability due to low flows

Herbivore/

detrivore

YOY fishes that primarily feed on algae/diatoms and benthic

organic matter

Herbivores/detritivores have more abundant food items

during sustained low flows (i.e., primarily higher

production, greater deposition) and less food during high

flows

Insectivores YOY fishes that feed primarily on insects Insectivores have fewer food items (i.e., drifting insects)

during very high and low flows
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Table 4 The mean and range (in parenthesis) of estimated young-of-year fish density (no./ha) by study stream for species included in the

analysis of the relations between flow regime components, fish species traits, and young-of-year fish density

Scientific name Common name Kankakee River Flint River Tallapoosa River

Lepisosteus oculatus Spotted gar – 0.13 (0–1) –

Lepisosteus osseus Longnose gar 0.33 (0–1) 0.21 (0–1) –

Amia calva Bowfin – 0.10 (0–1) –

Dorosoma cepedianum Gizzard shad 77.42 (1–453) 13.35 (0–26) –

Dorosoma petenense Threadfin shad – 31.00 (0–54) –

Esox americanus Grass pickerel 0.35 (0–2) – –

Campostoma oligolepis Central stoneroller – – 112.35 (0–977)

Cyprinella callistia Alabama shiner – – 2727.52 (727–7125)

Cyprinella gibbsi Tallapoosa shiner – – 767.92 (77–3791)

Cyprinella lutrensis Red shiner 20.74 (0–138) – –

Cyprinella spiloptera Spotfin shiner 977.52 (0–5875) – –

Cyprinella venusta Blacktail shiner – 1988.73 (613–3363) 1198.47 (13–2625)

Cyprinus carpio Common carp 0.55 (0–4) 0.90 (0–2) –

Hybopsis winchelli Clear chub – 47.99 (0–96) –

Luxilus chrysocephalus Striped shiner 593.62 (0–2591) – 499.15 (0–1689)

Lythrurus umbratilis Redfin shiner 6.44 (0–29.0) – –

Nocomis biguttatus Hornyhead chub 13.25 (0–74) – –

Notemigonus crysoleucas Golden shiner 4.72 (0–45) 2.31 (0–5) –

Notropis atherinoides Emerald shiner 17.57 (0–133) – –

Notropis baileyi Rough shiner – – 1523.96 (22–4407)

Notropis buccatus Silverjaw minnow – 13.41 (13–13) –

Notropis longirostris Longnose shiner – 3205.51 (1602–4808) –

Notropis rubellus Rosyface shiner 579.74 (0–4196) – –

Notropis stilbius Silverstripe shiner – – 545.52 (11–2833)

Notropis stramineus Sand shiner 783.08 (0–3082) – –

Notropis texanus Weed shiner – 156.78 (0–313) –

Notropis volucellus Mimic shiner 17.11 (0–135) – –

Opsopoeodus emiliae Pugnose minnow – 38.97 (0–77) –

Phenacobius catostomus Riffle minnow – – 261.57 (0–1402)

Phenacobius mirabilis Suckermouth minnow 124.33 (0–531) – –

Pimephales notatus Bluntnose minnow 420.60 (0–828) – –

Pimephales vigilax Bullhead minnow 295.92 (0–1944) – 266.60 (0–618)

Carpiodes cyprinus Quillback 1.63 (0–13) 2.14 (0–4) –

Catostomus commersoni White sucker 0.20 (0–2) – –

Hypentelium etowanum Alabama hog sucker – – 793.78 (105–2750)

Hypentelium nigricans Northern hog sucker 12.56 (0–75) – –

Ictiobus bubalus Smallmouth buffalo 0.18 (0–1.1) – –

Minytrema melanops Spotted sucker 0.15 (0–1.6) 48.60 (0–97) –

Moxostoma anisurum Silver redhorse 15.61 (0–81) – –

Moxostoma carinatum River redhorse 3.92 (0–29) – –

Moxostoma sp. cf. M. poecilurum Apalachicola redhorse – 61.85 (43–80) –

Moxostoma duquesnei Black redhorse – – 32.95 (0–125)

Moxostoma erythrurum Golden redhorse 63.08 (0–366) – –

Moxostoma macrolepidotum Northern redhorse 42.56 (0–247) – –

Moxostoma poecilurum Blacktail redhorse – – 63.77 (11–208)

Scartomyzon lachneri Greater jumprock – 0.56 (0–2) –

Ictalurus punctatus Channel catfish 73.30 (0–169) 614.82 (19–1210) 167.25 (0–382)
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behavior had overall lower densities than other species,

whereas YOY density was greater for species with longer

spawning duration. The relation between YOY density and

maximum 10-day discharge during the spawning period

also was much smaller for broadcast spawning species

(Fig. 1a). Similarly, the effect of maximum 10-day dis-

charge on YOY density was weaker for fishes with longer

spawning durations (Fig. 1b).

During the rearing period, minimum 10-day discharge

SD was negatively related to YOY fish density across

models (Table 5). Similar to maximum 10-day discharge,

the relations were highly variable among species. Using the

random effects from the flow component-only models, we

estimate that the influence of minimum 10-day discharge

SD varied 82% among fish species. On average, the cruiser

locomotion morphology trait accounted for 34% of this

variation. Parameter estimates from the confidence set of

models indicated that while species with cruiser locomo-

tion morphology had greater densities than other species,

the negative relation between YOY density and minimum

10-day discharge SD and discharge SD was greater for

species with cruiser locomotion morphology (Fig. 2).

Table 4 continued

Scientific name Common name Kankakee River Flint River Tallapoosa River

Noturus funebris Black madtom – – 104.35 (0–544)

Noturus leptacanthus Speckled madtom – 147.92 (0–295) 164.20 (11–324)

Pylodictis olivaris Flathead catfish – 165.73 (15–316) –

Aphredoderus sayanus Pirate perch – 254.31 (228–281) –

Fundulus notatus Blackstripe topminnow 2.98 (0–14) – –

Gambusia holbrooki Eastern mosquitofish – 40.44 (32–48) –

Labidesthes sicculus Brook silverside 9.30 (0–60) 18.76 (0–39) –

Cottus tallapoosae Tallapoosa sculpin – – 177.88 (148–211)

Ambloplites ariommus Shadow bass – 95.98 (48–144) –

Ambloplites rupestris Rock bass 24.00 (0–163) – –

Lepomis auritus Redbreast sunfish – 756.70 (751–762) 182.27 (0–428)

Lepomis cyanellus Green sunfish 51.98 (0–184) 19.50 (0–39) 12.47 (0–53)

Lepomis gulosus Warmouth – 114.03 (0–228.1) –

Lepomis humilis Orangespotted sunfish 16.34 (0–103) – –

Lepomis macrochirus Bluegill 33.59 (0–260) 692.58 (278–1108) 86.04 (0–309)

Lepomis marginatus Dollar sunfish – 12.82 (0–20) –

Lepomis megalotis Longear sunfish 77.25 (0–451) – –

Lepomis microlophus Redear sunfish – 370.85 (267–474) –

Lepomis punctatus Spotted sunfish – 201.73 (57–346) –

Micropterus cataractae Shoal bass – 244.63 (30–459) –

Micropterus dolomieu Smallmouth bass 92.89 (6–547) – –

Micropterus salmoides Largemouth bass 16.80 (3–66) 151.03 (126–176) –

Pomoxis annularis White crappie 4.34 (0–30) 2.11 (0–5) –

Pomoxis nigromaculatus Black crappie 1.48 (0–8) 1.07 (0–1642) –

Etheostoma chuckwachatte Lipstick darter – – 1472.61 (11–3227)

Etheostoma fusiforme Swamp darter – 56.61 (0–156) –

Etheostoma nigrum Johnny darter 378.56 (0–787) – –

Etheostoma stigmaeum Speckled darter – – 465.73 (0–1430)

Etheostoma tallapoosae Tallapoosa darter – – 187.89 (0–1222)

Percina maculata Blackside darter 48.07 (0–296) – –

Percina nigrofasciata Blackbanded darter – 12.77 (0–15) –

Percina palmaris Bronze darter – – 2359.75 (641–7402)

Percina smithvanizi Muscadine darter – – 1281.30 (166–2883)

Percina phoxocephala Slenderhead darter 9.60 (0–105) – –

Percina crypta Halloween darter – 99.78 (71–119) –
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Discussion

Reproductive Success

We found that components of the flow regime affected

riverine fish recruitment (as measured through YOY den-

sity) during both spawning and rearing periods. Of the flow

regime components we considered, short-term high flows

(i.e., maximum 10-day discharge) most affected spawning

success during the spawning period, while short-term var-

iation in flows (i.e., minimum 10-day discharge SD) had

the greatest effect during the rearing period. We also found

that species traits affected recruitment success and

modified the influence of discharge characteristics. Our

meta-analysis included data from five study sites on three

medium-large warmwater rivers, with two of the five sites

on regulated reaches. We were able to minimize the effects

of differences among systems by accounting for variation

among species, sample site, and year in our hierarchical

linear modeling. Therefore, we believe that the differences

observed in YOY density were due largely to the influences

of hydrologic conditions and species traits on reproductive

success.

High discharge is an important component of the hyd-

rograph for stream ecosystems. We found that reproductive

success of fishes was positively related to short-term high

Table 5 Parameter estimates, standard errors (SE), and upper and lower 90% confidence intervals (CI) for the two best approximating

hierarchical linear models relating discharge and species traits to young-of-year fish density

Effect Estimate SE Lower CI Upper CI

Best approximating model (w = 0.50, R2 = 0.61)

Fixed effects

Intercept 2.182 0.608 0.918 3.445

Spawning maximum 10-day discharge 0.619 0.172 0.277 0.961

Broadcast spawning –1.063 0.274 –1.601 –0.525

Spawning maximum 10-day discharge*Broadcast spawning –0.509 0.219 –0.938 –0.080

Rearing minimum 10-day discharge SD –2.536 1.092 –4.722 –0.350

Cruiser locomotion mode 1.115 0.211 0.699 1.530

Rearing minimum 10-day discharge SD*Cruiser locomotion mode –2.022 1.008 –4.002 –0.042

Adult/juvenile density previous year 0.313 0.029 0.255 0.371

Random effects

Intercept 4.275 1.079 2.754 7.524

Spawning maximum 10-day discharge 0.266 0.151 0.041 0.718

Rearing minimum 10-day discharge SD 7.341 3.117 1.670 18.616

Year within site 3.863 1.332 2.169 8.726

Residual 9.286 0.535 8.321 10.430

Second best approximating model (w = 0.12, R2 = 0.56)

Fixed effects

Intercept 0.735 0.122 0.481 0.988

Spawning maximum 10-day discharge 0.926 0.326 0.276 1.576

Spawning duration 1.028 0.283 0.473 1.584

Spawning maximum 10-day discharge*Spawning duration –0.193 0.110 –0.409 0.022

Rearing minimum 10-day discharge SD –3.038 1.390 –5.819 –0.256

Cruiser locomotion mode 1.071 0.273 0.535 1.608

Rearing minimum 10-day discharge SD*Cruiser locomotion mode –2.315 1.074 –4.426 –0.205

Adult/juvenile density previous year 0.322 0.030 0.263 0.380

Random effects

Intercept 6.188 1.574 3.975 10.949

Spawning maximum 10-day discharge 0.281 0.150 0.064 0.809

Rearing minimum 10-day discharge SD 8.013 3.314 2.052 17.959

Year within site 4.179 1.466 2.327 9.603

Residual 9.143 0.527 8.191 10.271

Akaike importance weights (w) and coefficients of determination (R2) are shown in parentheses
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discharges (e.g., 10-day flows) during the spawning season.

High discharge events can influence fishes by maintaining

channel heterogeneity (Poff and others 1997), flushing

away fine sediments to expose coarser substrate (Beschta

and Jackson 1979), introducing large woody debris (Keller

and Swanson 1979), and permitting access to nutrient-rich

floodplain areas (Junk and others 1989). In addition, some

fish require high discharge as a cue to initiate spawning

(Welcomme 1979; Jackson 1989). Of these factors, we

believe some are more plausible mechanisms affecting the

observed relationship with annual recruitment. Mainte-

nance of channel heterogeneity and inputs of woody debris

are affected by high discharge events (e.g., a two-year flood

discharge), but are generally a function of regular (e.g.,

yearly) high discharge conditions over long time periods

rather than short-term events (Tockner and others 2000;

Latterell and Naiman 2007). Similarly, floodplain access is

generally beneficial for fishes under high discharge con-

ditions over longer time periods (Puckridge and others

1998). Modeling results indicated that there was little

evidence that long-term (i.e., median) flow conditions

during the spawning season influenced young-of-year

recruitment, suggesting that these (long-term) mechanisms

were not playing a large role in influencing recruitment

during the spawning season. In contrast, factors such as

flushing of fine sediments and initiation of spawning cues

generally require shorter term high flow events (Beschta

and Jackson 1979; Welcomme 1979) and are consistent

with the observed patterns. For example, we found that for

many species, young-of-year densities were positively

related to short-term high discharge during the spawning
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Fig. 1 The average relationship between maximum 10-day discharge

during the spawning period and the young-of-year fish density for

a broadcast spawning (heavy lines) and non-broadcast spawning (thin
lines) species and b species with 1 month (thin lines) and 3 month

(heavy lines) spawning durations. Predictions for cruiser locomotion

morphology and non-cruiser morphology are shown as broken and
solid lines respectively. Estimates were made using the two best

approximating hierarchical models and assuming average minimum

10-day discharge standard deviation during rearing period and adult/

juvenile density values observed during the study. Discharge was

standardized and is expressed as a proportion of the long term mean

discharge at a study site
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Fig. 2 The average relationship between young-of-year fish density

and a minimum 10-day discharge standard deviation and b discharge

standard deviation during the spawning and rearing (instead of

spawning) period for fish species with cruiser locomotion morphology

(broken lines) and non-cruiser morphology (solid lines) and broadcast

(heavy lines) and non-broadcast (thin line) spawning behaviors.

Estimates were made using the first and third best approximating

hierarchical models and assuming average maximum 10-day dis-

charge during spawning period and adult/juvenile density values

observed during the study. Discharge was standardized and is

expressed as a proportion of the long term mean discharge at a study

sites
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period when the flushing of fine sediments would be most

beneficial by increasing interstitial spaces that are impor-

tant in protecting and oxygenating developing eggs (Huang

and Gargia 2000). For other species, high sediment load

can destroy eggs by abrasive action leading to decreased

hatching success (Auld and Schubel 1976). The reduced

potential benefit of high discharge on broadcast spawning

species (i.e., species that deposit on the streambed with no

parental care) also is consistent with the effect of flushing.

Thus, we hypothesize that short-term high flows influence

reproductive success by increasing the quality of spawning

conditions for most species.

Highly variable discharge has a substantial effect on

riverine fishes. Flashy discharge patterns usually have a

negative effect on native species, while often benefiting

exotic species, particularly generalists (Bain and others

1988; Kinsolving and Bain 1993). Large discrete pulses of

water (e.g., during hydroelectric peaking) can result in

decreased survival in many species, particularly in juvenile

or YOY stages (Freeman and others 2001), in part, because

of an increased metabolic rate associated with swimming in

high velocity currents (Torralva and others 1997; Weyers

and others 2003). Additionally, high water velocity can

displace young small-bodied fish, sometimes causing a

collision with objects in the channel, killing them or

leaving them susceptible to predation (Harvey 1987).

Furthermore, rapid decreases in discharge can cause

stranding of fishes occupying the edges of the river channel

(Cushman 1985). Our results suggested that short-term

variation in discharge had the greatest effect on YOY

recruitment during rearing periods relative to other aspects

of the hydrograph (e.g., mean discharge, minimum dis-

charge, and long-term variation in discharge). We found

that for most species, YOY densities were negatively

related to short-term variation in discharge. In particular,

species that swim in the water column were much more

vulnerable to the effects of short-term variation in dis-

charge, relative to others. This pattern is consistent with

previous studies that report a positive relationship between

short-term pulses of discharge and mortality of fishes in the

water column (Harvey 1987). Thus, we hypothesize that

short-term variation in discharge influences reproductive

success by increasing mortality of YOY fishes during the

rearing period.

Previous studies suggest that the influence of hydrologic

regimes on the persistence of stream fish is mediated, in

part, by species-specific traits (Poff and Allan 1995).

Broadcast spawners are fishes that release a large quantity

of eggs (i.e., tens to hundreds of thousands), with no

parental care given to the eggs (Goldstein and Meador

2004). Our models suggested that broadcast spawning

species had lower reproductive success overall and repro-

ductive success was negatively influenced by high short-

term discharge compared to species with other spawning

behaviors. In contrast, species with longer spawning

duration had greater reproductive success and were much

less influenced by short-term high discharge during the

spawning season. A longer spawning duration gives a

species more opportunities to spawn under ideal condi-

tions, while species with a short spawning window may be

forced to attempt reproduction under poor conditions. For

example, bluegill have a spawning duration of four months

(Boschung and Mayden 2004) and commonly spawn sev-

eral times per year, therefore increasing the chance of

having a successful reproductive year (i.e., if conditions are

poor in part of the spawning period, they may improve at

another time in the year). In contrast, spotted suckers have

a spawning duration of 1.5 months (Boschung and Mayden

2004) and generally spawn once per year, therefore

decreasing the chance of having a successful reproductive

year (i.e., if conditions are poor and spawning success is

low during critical times). Therefore, we hypothesize that

species with protracted spawning periods are relatively

more successful spawners, and are less affected by short-

term hydrologic conditions relative to species with short

durations.

During the rearing period, locomotion morphology was

strongly related to reproductive success. Our models sug-

gested that cruiser locomotion morphology species were

relatively more successful in recruiting during the rearing

period, relative to other species. However, the interaction

effect between this species trait and both long and short-

term discharge variability indicated that reproductive suc-

cess of species with cruiser locomotion morphology is

more negatively influenced by discharge variability relative

to species with other swimming morphologies. Many spe-

cies with cruiser locomotion morphology are located in the

water column which would make them more vulnerable to

flash flows. YOY fishes, especially those inhabitating the

water column, are vulnerable to effects of high velocity

flow pulses through increases in metabolic costs and dis-

lodging resulting in serious injury or death (Larimore 1975;

Harvey 1987). Therefore, we believe that the increased

vulnerability of species with cruiser locomotion morphol-

ogy to flow variability is primarily due to their location in

the water column.

Management Implications

Currently, most management plans designed to address

hydrologic regulation only consider minimum flow stan-

dards, designed to ensure an acceptable level of habitat

availability (Tharme 2003). However, these plans often fail

to address the dynamic nature of spatial and temporal

availability of resources created by discharge regulation

(Freeman and others 2001). This study and others have
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demonstrated that different components of the flow regime

can have a substantial effect on the reproductive success of

warmwater stream fishes. Failure to account for the effect

of these flow regime components in the development of

water management strategies can lead to undesired out-

comes for species that are of value to water resource

managers. Consideration of other important aspects of

discharge will allow managers to more accurately predict

the effects of hydrologic conditions on native fishes.

One of our objectives was to develop models for pre-

dicting spawning success of warmwater stream fishes that

would be broadly applicable across geographic regions. We

used species traits to model the response of fishes, in part,

to provide this transferability. We evaluated the relative

support for ten species traits on stream fish reproductive

success using empirical data and found strong support for

the influence of three species traits (spawning mode,

spawning duration, locomotion morphology). Nonetheless,

there remained substantial variability among species in the

relations between the flow regime components and YOY

abundance. This suggests that there was still substantial

unexplained variation in species-specific responses that

could not be accounted for by species traits. We do not

believe that the remaining high variability is due to the

consideration of too few parameters in our models. For

example, when all ten species traits are included in a

hierarchical model containing maximum 10-day discharge

during the spawning period and minimum 10-day discharge

SD, they account for 53 and 38% of the variation among

species relations with the respective flow regime compo-

nents. Rather we believe that much of this variability was

due to the lack of basic life-history knowledge for many of

the species included in our analysis. For example, spawn-

ing duration was unknown or poorly defined for many of

our species, and these species were assigned average values

of congeners. Greater error in the predictor variables (e.g.,

species traits) generally results in weaker and more vari-

able parameter estimates in linear models (Fuller 1987).

Thus, the assignment of these average values likely intro-

duced greater error in the model. Previous studies also used

species traits to evaluate the response of species to natural

or anthropogenic stressors, but did not report the lack of

information on species traits as a problem (Goldstein and

Meador 2004; Olden and others 2006; Poff and others

2006; Welcomme and others 2006). We believe that this

was likely due their use of more descriptive multivariate

analyses, which would presumably be influenced less by

error in species traits. Given the current emphasis on

developing flow management tools that can be broadly

applied (Poff and others 2010), we suggest that greater

importance should be placed on studying the life history

characteristics of aquatic biota. A better understanding of

basic biology is necessary for developing predictive mod-

els of the response of biota to changes in flow regimes.

The development of water management plans will

require the consideration of multiple competing uses (e.g.,

power generation, water withdrawal, flood control, recre-

ation, etc.), that are not included in our model. Nonethe-

less, our models provide insight into the conditions and

timing of flows that influence the reproductive success of

warmwater stream fishes. Indeed, retrospective data anal-

ysis and subsequent model development is an important

first step in developing quantitative tools for natural

resource management (Conroy and Peterson 2009). Our

models explained some of the variability of species

response to flow regime components; however substantial

uncertainty remains. One means to reduce this uncertainty

while managing water resources is adaptive resource

management (Irwin and Freeman 2002). Outcomes of

water resource management actions are predicted using the

existing models’ system response. The best management

decision then is selected based on the current system state

(e.g., fish population size) and a prediction of the expected

future state taking into account the sources of uncertainty.

In this instance, uncertainty regarding species response to

flow regime components can be incorporated using vari-

ance estimates for the random effects. For dynamic deci-

sion-making situations (i.e., decisions that reoccur over

space or time), uncertainty is reduced through time by

comparing model specific predictions to observed (actual)

future conditions. The information then is used to adjust

and improve the models that are used to predict future

conditions and choose the optimal decision for the

following time step.
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